Pentobarbital is known to affect cerebral metabolism; pentobarbital sedation is, however, frequently used for MR imaging and MR spectroscopy, especially in children. Accurate assessment of the brain metabolite levels is important, particularly in neonates with suspected brain injury. We investigated whether pentobarbital sedation has any effect on the ratios of spectral metabolites lactate, N-acetylaspartate, or choline in a group of premature neonates.
P
revious studies have shown that MR spectroscopy can provide a clinically important assessment of neonatal brain metabolism. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Elevated brain metabolite ratios, lactate/Nacetylaspartate (NAA) and lactate/choline, have been associated with poor neurodevelopmental status in neonates with hypoxic-ischemic encephalopathy. 1, 10, 12, 13 The increase in brain lactate level is thought to be a result of anaerobic rather than oxidative energy metabolism during cellular hypoxia. 14 Frequently, neonates require sedation during MR examination to reduce motion and improve scan quality. It is known that the metabolism of the brain can be affected by barbiturate sedation. 15, 16 In particular, barbiturates have been noted to decrease cerebral lactate concentration. 17, 18 Therefore, we investigated whether pentobarbital sedation has any effect on the ratios of the central nervous system spectral metabolites lactate, choline, or NAA in a group of premature neonates with normal neonatal MR examinations and normal neurodevelopmental outcomes at 12 months of age.
Methods

Study Participants
As part of an ongoing study of the use of neonatal brain MR imaging for the assessment of brain injury in premature neonates, 110 consecutive premature neonates (gestation age at birth Ͻ34 weeks) were studied by head MR imaging between January 2001 and May 2004. The protocol was approved by our institutional committee on human research. Participation in the study was voluntary; the infants were studied after informed consent from their parents was obtained.
Of those 110 patients, 43 neonates had normal developmental and neurologic status at 12 months of age as evidenced by normal neuromotor scores and normal scores on the Mental Development Index of the Bayley Scales of Infant Development II. In addition, none of these 43 neonates had evidence of brain parenchymal injury on concurrent MR imaging studies that were reviewed by 2 pediatric neuroradiologists with experience in neonatal brain imaging. These 43 neonates composed the group reported in this study. When possible, the infants were studied without sedation, but if necessary, for patient movement or in mechanically ventilated patients, pharmacologic sedation with pentobarbital (Nembutal, 1 mg/kg) was administered by a neonatologist according to our institution's sedation guidelines. Among the 43 neonates, 14 (33%) required sedation during the MR examination; the remaining 29 neonates did not receive sedation. The gestational age at the time of the MR examination was compared between the sedation and nonsedation groups. Because the use of sedation was at the discretion of the transport team, we also compared other clinical variables reflecting overall illness severity between the sedation and nonsedation groups: gestational age at birth, 5-minute Apgar score, number of days of mechanical ventilation before the MR examination, and the presence/absence of systemic infection at the time of the MR examination.
MR Imaging
All of the studies were performed on a 1.5T Signa EchoSpeed system (GE Medical Systems, Milwaukee, Wis) using an MR-compatible incubator with a high sensitivity neonatal head coil. 19 MR imaging of the brain was performed before MR spectroscopy and included 4-mm (1-mm "gap") sagittal spin-echo (TR, 500 ms; TE, 11 ms; NEX, 2) images, 4-mm (2-mm "gap") axial spin-echo (TR, 3000 ms; TE, 60 and 120 ms; NEX, 1) images, and high-resolution coronal 3D spoiled gradient-echo images (partition size, 1.5 mm; TR, 36 ms; TE, minimum; flip angle, 35°; NEX, 2; FOV, 18 cm). Using the point-resolved spectroscopy technique, a region of approximately 100 cm 3 was selected that encompassed most of the neonate brain while excluding the calvaria and scalp tissues, such as the subcutaneous fat. The 3D MR spectroscopy array was 8 ϫ 8 ϫ 8 with 1 cm on a side. MR spectroscopy prescan included automatic 3D shimming and frequency shifting. Phase encoding in the point-resolved spectroscopychemical shift imaging sequence was used to obtain 3D spectral arrays with a nominal spatial resolution of 1 cm 3 . 20 After a 2-to 3-minute prescan procedure, the lactate-edited 3D MR spectroscopic imaging data were acquired in 17.5 minutes with a TR of 1 ms and a TE of 144 ms. The lactate editing method has been described previously by StarLack et al 21 and allows filtering of undesired signal intensity contributions, such as those from lipids, which may be inadvertently included in the region of the brain selected for the 3D MR spectroscopic analysis. Both a summed and a difference spectra are generated by using the lactate editing methods. The relative levels of choline, creatine, NAA, and lipid can be estimated from the summed spectra, whereas the lactate level can be estimated from the difference spectra. 21, 22 Any lipids would appear in the summed spectra if lipid contamination is present. 21, 22 The edited lactate peak has the same phase (upright peak) as the other metabolites. The MR images and the raw MR spectroscopic imaging data were transferred off-line to a Sun UltraSparc workstation (Sun Microsystem, Mountain View, Calif) for analysis by using software developed at our institution for 3D MR spectroscopy processing. To assess the MR spectra in various anatomic locations in the brain, spectral voxels were retrospectively centered in the following regions bilaterally: basal ganglion (including the caudate head and anterior putamen), thalamus, and corticospinal tract (within the centrum semiovale), as defined by an experienced neuroradiologist (Fig 1) . The MR spectroscopy data were Fourier transformed and baseline fitted; the peak intensities were determined for the choline, NAA, creatine, and lactate resonances. Peak-height ratios of lactate/choline, lactate/NAA, and NAA/choline were calculated for each voxel. Because the creatine peak is typically small with a lower signal intensity/noise ratio in prematurely born infants, calculated ratios of lactate/creatine are less accurate and, therefore, not included in this analysis.
Statistical Analysis
Statistical analysis was performed by using statistical software package SAS 9.0 (SAS Institute, Cary, NC). The clinical variables (mean adjusted gestational age at the time of MR spectroscopy, mean gestation age at birth, 5-minute Apgar score, number of days of mechanical ventilation before MR imaging, and the presence or absence of systemic infection at the time of the MR examination) were compared between the sedation and nonsedation groups by using either the paired t test or the Fisher exact test. Generalized estimating equation was used to evaluate the effect of sedation on the ratios of the spectral metabolites while controlling for the effect of having multiple regions of interest from the right and left sides of the brain in each patient, as well as adjusting for the above-mentioned clinical variables. For all tests, P values less than .05 were considered statistically significant.
Our P values were not adjusted for multiple tests.
Results
Patient Clinical Data
Among the 43 neonates, 14 (33%) required sedation during the MR examination (adjusted gestational age range at the time of MR examination, 29.1 to 38.7 weeks; mean, 32.0 weeks), and the remaining 29 neonates (adjusted gestational age range at the time of MR examination, 27.6 to 35.9 weeks; mean, 32.4 weeks) did not receive sedation. There was no significant difference in the adjusted gestational age at the time of MR examination between the neonates requiring sedation and those imaged without sedation (P ϭ .21). There was no significant difference between the sedation and nonsedation groups in the mean 5-minute Apgar score (mean score of sedation group, 6.9; mean score of nonsedation group, 7.3; P ϭ .53) or in the presence or absence of infection at the time of the MR examination (sedation group, 3 of 11 neonates with infection; nonsedation group, 6 of 23 neonates with infection; P ϭ 1.0). There was, however, significant difference between the sedation and nonsedation groups in the gestational age at birth (mean age of sedation group, 27.1 weeks; mean age of nonsedation group, 29.1 weeks; P ϭ .01) and the number of days of mechanical ventilation before MR imaging (mean duration of sedation group, 22 days; mean duration of nonsedation group, 7 days; P ϭ .01). Therefore, our multivariate statistical models were adjusted for gestational age at birth and the number of days of mechanical ventilation before the MR examination. As a result, any potential differences in metabolite ratios between the sedation and nonsedation groups are independent of the effect of the gestational age at birth or the number of days of mechanical ventilation before MR examination.
MR Studies
The major metabolite ratios for the sedation and nonsedation groups are summarized in the Table. Small amounts of lactate were seen in the basal ganglia, thalami, and corticospinal tracts in all of the premature neonates in this study. The basal ganglia lactate/choline and lactate/NAA ratios were significantly lower, by 17% and 25%, respectively, in the neonates with pentobarbital sedation compared with those without sedation (P ϭ .03 and 0.01, respectively). The lactate level did not change significantly in the thalami or the corticospinal tracts with sedation. There was no significant difference in the NAA/choline ratios between the sedation and the nonsedation groups.
Discussion
We found small amounts of lactate in the basal ganglia, thalami, and corticospinal tracts in all of the premature neonates in this study. Although brain lactate level is known to increase in term infants who suffer hypoxic-ischemic injury or other parenchymal injuries, small amounts of lactate can be seen in the brains of premature neonates who are otherwise normal and do not in themselves indicate brain injury. 2, 10 Indeed, none of the neonates in our study group was found to have brain parenchymal abnormality on concurrent MR imaging, and all had normal developmental and neurologic outcome at 12 months of age.
Our data show that the basal ganglia lactate level was significantly lower in the group of neonates with pentobarbital sedation. Lactate is produced via anaerobic glycolysis. The relatively high level of lactate in the immature brain may be explained by the relatively low quantity of mitochondria and the consequent greater dependence of the immature brain on glycolytic rather than oxidative energy generation. 2 Indeed, there is evidence that lactate is used as a metabolic fuel in the immature central nervous system. 23 Anaerobic glycolysis may, therefore, be an important mechanism to satisfy the energy requirements of the immature brain. The impact of barbiturates on brain metabolic rate and glucose metabolism has been studied extensively. Cerebral blood flow and cerebral metabolic rate of oxygen use are reduced by approximately 30% with the onset of barbiturate sedation. 24 Pentobarbital may also transiently reduce the cerebral metabolic rate for glucose to a greater degree than the metabolic rate of oxygen use. 24 Barbiturates have been shown to alter the glucose metabolism of the brain such that the cellular glucose concentration is increased and the lactate concentration is reduced. 17, 18, 25 The decreased basal ganglia lactate level in the sedation group may, therefore, be explained by a combination of the relative importance of glycolysis in the immature brain and the reduced glycolysis produced by pentobarbital. It is important to note that this observation in no way suggests that there is any danger in the use of pentobarbital for sedation of these infants. Pentobarbital has been used for pediatric sedation for many decades with no evidence of deleterious effects on the affected children. It is important, however, to recognize that metabolite values and metabolite ratios from proton MR spectroscopy may be affected by the use of pentobarbital.
We did not find any significant changes in the lactate level of the thalamus with sedation. Previous studies have shown that the thalami are the most mature regions of the supratentorial brain in neonates. 26, 27 It is conceivable that a more mature region, such as the thalamus, is differentially affected by sedation compared with the less mature basal ganglion. Or, perhaps, the more mature thalamus, with more mature energy pathways, may have a higher rate of oxidative metabolism than the basal ganglion. In either event, reduced glycolysis produced by pentobarbital might be less likely to result in a change in lactate production in the thalamus. Pentobarbital sedation did not appear to have any effect on the lactate level in the corticospinal tracts either, possibly because the corticospinal tracts are also more mature than the basal ganglia at this stage of development, with a greater dependence on oxidative metabolism. Indeed, the increased maturity of the thalami and corticospinal tracts with consequent higher oxidative metabolism is given as an explanation for why they are more affected than the basal ganglia in term neonatal hypoxic-ischemic injury. 28 Our results differed from those of Lundbom et al, 29 who found no effect of barbiturate sedation on major brain metabolite levels, including lactate. The differences can be attributed to different patient population. The group studied by Lundbom et al 29 was composed of healthy subjects between 20 to 32 years old and had no detectable lactate peak at baseline (without barbiturate sedation). It has been shown that lactate level is lower in the adult brain than in the term or preterm neonatal brain, 2 presumably because mitochondria produce ATP almost entirely by aerobic metabolism in adults. A previous study has also demonstrated that the baseline lactate levels showed considerable interindividual differences ranging from undetectable (Ͻ0.3 mmol/L) to barely detectable (ϳ1 mmol/L) in healthy adults. 30 It is not surprising, therefore, that no baseline lactate was detected in the subjects in the study by Lundbom et al 29 ; moreover, the absence of lactate would probably have precluded any potential metabolic changes resulting from barbiturate sedation from being detected. Our cohort, on the other hand, was composed of prematurely born neonates who normally have a small, but easily detectable, amount of lactate in their brains. The presence of lactate at baseline made it possible to detect changes in lactate concentrations with pentobarbital sedation.
The 3D lactate-edited MR spectroscopy sequence used in our study has allowed for the detection of small changes in lactate ratios between the neonates with sedation and those without. Although significant, these changes were small (17% and 25% lower in the sedation group for the lactate/choline and lactate/NAA ratios, respectively) compared with the changes in the lactate level associated with neonatal hypoxicischemic injury. In neonates with hypoxic-ischemic injury and poor developmental outcome, the lactate ratios may be 2-fold to several-fold higher compared with normal control subjects, depending on the timing of the MR study with respect to the time of injury. 12, 31 Therefore, the use of pentobarbital sedation is unlikely to fully mask the relatively large lactate elevation in neonates with hypoxic brain injury. Nonetheless, it is important to note the potential effect of pentobarbital sedation on the lactate ratios at MR spectroscopy, especially in cases where the suspected metabolic changes may be subtle.
There are limitations to the current investigation, and, therefore, these preliminary results should be interpreted with caution. First, our sample size was small; therefore, a larger study is needed to validate these initial observations. Second, our results are limited to prematurely born neonates. It is known that significant differences are present in metabolite levels, physiology between premature and term neonates, and between neonates and older children. It is possible that barbiturate sedation can have a different effect on a more mature human brain. Thus, additional studies are needed to investigate the effect of barbiturate sedation on the spectroscopy results in term neonates and infants.
Conclusion
In conclusion, our study suggests that pentobarbital sedation is associated with a lower lactate level in the basal ganglion of premature neonates, as determined by proton MR spectroscopy. This may be explained by the decreased glucose metabolism as a result of pentobarbital sedation. Investigators should be aware of this phenomenon for accurate interpretation of their MR spectroscopy results.
